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Abstract

The Fermi National Accelerator Laboratory (Fermilab) is building an
Accumulator Ring to store antiprotons for high energy physics proton-antiproton
collisions in the Tevatron accelerator. The Accumulator Ring, approximately
474 m 1in circumference, consists of many quadrupole and dipole magnets
connected with stainless steel vacuum chambers for beam circulation. The
vacuhm pressure required is in the low 107'° Torr range. To reach this
pressure, the vacuum chambers are bake to 300°C each time they have been opened
to atmospheric pressure. The critical problem is to bake the chambers in the
magnets at high temperature without overheating the laminated magnets. Some of
the magnets are 5 m 1long with very restrictive space for the heaters and
insulation. An average space of only 7.5 mm around the chambers is available.
In this space a heating system has been designed and tested to heat the chamber
to 300°C and allow a maximum temperature of 65°C next to the magnet components.
This was accomplished by wusing. a heating blanket completely covered with a
water cooled copper heat sink jacket to protect the magnet from the high
temperatures. The design of a final selected heating blanket is discussed. A

prototype test results are given with comparison of calculated and measured

temperature distribution.

*presented at the American Vacuum Society Meeting, Dec. 4, 1984, Reno, Nevada.



Introduction

The Accumulator is a high class storage ring designed to accept the
injection of antiprotons every few seconds. The antiprotons traveling at 99.5%
of the speed of light are accumulated over a period of séveral hours. Ultra
high vacuum is required to minimize interaction of the circulating beam with
the outgassed molecules of the chamber wall. A nominal pressure of 3x107!°
Torr 1is required in the beam tubes to avoid beam intensity loss from excessive
beam-gas collision. This pressure can be met with a combination of sublimation
and sputter ion bumps, and with well conditioned chambers to reduce the rate of
gas desorption., Each chamber section is first vacuum baked at 900°C for two
hours after the pressure is below 1072 Torr. Thereafter the chambers are
maintained clean. The in place conditioning is bakeout at temperature of 300°C
for periods ranging from hours to several days depending on the conditions.

The main magnet system consists of 30 dipoles and 84 quadrupoles. Each
magnet has its specially shaped tube chamber for beam space efficiency. The
space between the vacuum chamber and the magnet pole tip is minimized to reduce
power consumption for the required magnetic field. With an average space of

only 7.5 mm a 300°C bakeout system has been built with protection to the

surrounding magnet.

General Description of the Bakeout System

The bakeout system consists of a heating blanket comprised of heating
elements incorporated in a glass fiber cloth carrier, a layer of ceramic fiber
thermal insulation, and an outer surface glass fiber cloth. The blanket 1is
wrapped around the stainless steel vacuum chamber, then covered with a copper
sheet heat sink cooled by water. Figure 1 shows a pictorial view of the basic

bakeout components in the dipole magnet, and figures 2, 3, and U4 show the



different cross sections of the vacuum chambers.

The heating blankets were made to specification' by ISOPAD Limited. This
general description summarizes the specification. The heating elements are
woven into the glass cloth next to the chambers. The blanket, tightly
compressed between the tube and the copper heat sink, provides efficient heat
transfer from the elements to the chamber surface. The elements are made of
non-magnetic nickle/chrome alloy and are insulated with high temperature
materials. The elements, woven into the blanket, are 1laid 1longitudinal with
the chambers. The ends are crimped to cold leads of multistranded
copper/nickel wires. The connections incorporate a strain relief feature to
minimize forces on the heating element/lead joint. On the large dipole
magnets, dual circuits are installed in the blanket; so that during normal
operation every other set of wires is powered. The heating elements cover the
maximum possible chamber surface area. This provides a homogeneous temperature
distribution. The elements are designed to give an average power of 3.9 kw/m?
with 208 volts operation.

The thermal insulation is a ceramic fiber blanket with a thermal
conductivity of 0.08 W/m °C at 300°C. The material is attached to the carrier
cloth in order not to be displaced when handling the blanket. The outer
surface of the heating blanket 1is a glass cloth. Along the length of the
vacuum chamber, the blanket is tied together with laces sewn every 5 cm.
Figure 5 shows a heating blanket wrapped around a vacuum chamber of a small
gquadrupole magnet.

The finished blanket is baked at the manufacturing plant at 305°C using
all of the heating elements. This removes any sizing or finishes used in the
manufacturing of the materials. After baking, the elements are tested to

withstand a 1000 volts AC between heating elements and the surface of the



chamber,

A copper sheet 0.79 mm thick is formed to cover the blanket. This serves
as a temperature shield between the blanket and the magnet steel laminations.
Copper tubes are silver brazed to the shield. These tubes are connected in
series with the low conductivity water (LCW) used to cool the magnet coils.
Most of the heat used in the bakeout 1is dissipated into the water, The
remaining heat gets absorbed into the magnet and eventually into the air in the
tunnel. The shield keeps the temperature of the pole tip laminations below
805C which is the critical value of the epoxy holding the laminations together
at the ends.

Control and regulation of the temperature of the vacuum chambers are done
by type E thermocouple probes attached on the outside surface of the chambers.
Type E thermocouples were chosen because they are non-magnetic. Each chamber
has several spare thermocouples depending on the length of the chamber. The
power is regulated by opening or closing a relay in the heating circuit. The
rate of temperature increase (~50°C/HR) is controlled by a microprocessor. A

typical bakeout of 300°C lasts for about 20 hours.

Heat Transfer Calculation

Steady one-dimensional heat transfer analysis was used to calculate the
temperatures and the heat required for the bakeout system. Figure 6 shows the
thermal circuit for the heat flow from the vacuum chamber to the cooling water

and the air.



To solve the temperatures of the copper shield and the center of the steel

lamination, two heat flow equations were used.

qo_—n ~q,.,*q,, (U

PN R (2)

From equation (j), the heat flow from the 300°C vacuum chamber to the copper
shield is equal to the sum of the heat flows of the copper shield to the water
tube and the steel lamination. The heat flowing from the center of the steel
lamination to the magnet coil and the enclosure airlis given by equation (2).

The same basic equations were used for the small and large quadrupole
magnets, The quadrupoles have lower tempebature differentials because the
water cooled tubes are better uniformly distributed. A small computer program
was used with variable parameters to fit the magnet geometry. The calculations
discussed were done for the large dipole which is the most critical of all the
magnets. The only available space for the water cooled tubes was at each side
of the rectangular chamber. This magnet is about 5 meters 1long and weighs
41,270 kg. Figure 2 shows the cross section of the vacuum chambers and the
bakeout components. The ceramic insulation with the glass cloth cover is
6.7 mm thick with a thermal conductivity of 0.08 W/m °C. Steady state heat
losses to keep the stainless steel chamber at 300° is about 3.2 kw/m?.

The copper shield intercepts about 53% of the heat and conducts it into
the water tube. The temperature of the shield is 45°C. The steel laminations
next to the copper sheet are assumed to have the same temperature. The heat
that goes into the magnet steel is dissipated into two paths. About half goes
into the magnet copper coil which 1is water cooled, and the remaining is
dissipated from the surface of the magnet into the air. The thermal

conductance for the surface was 10 W/m? °C. The calculated temperature of the



magnet surface {s about 38°C. Water cooling is very important to reduce the
heat dissipated into the tunnel enclosure, Between the heat shield and the
coils, about 75% of the heat is removed by water.

Calculations for the quadrupole magnets were also done. Temperature
distributions were a 1little lower than the dipole magnet. The steady heat
losses were 3.8 KW/m? for the large quadrupole and 5.4 KWw/m? for the small

quadrupole magnet.

Test Results

Figure 7 shows a prototype vacuum chamber for the large dipole with the
heating blanket and the copper heat sinks on the side. Four prototype heating
blankets were tested. The data discussed was taken with the ISOPAD heating
Vblanket which was chosen for best qualities of heat distribution, construction,
and cost.

Figure 8 shows one of the large dipoles under measurement. The prototype
bakeout tests were not made inside the magnet because of the work involved in
opening and closing the half cores. Instead, aluminum plates were clamped on
the top and bottom of the copper heat sink to closely simulate the heat losses
into the magnet. With 3.9 kw/m? of heating available from the blanket,
temperature distribution on the surface of the chamber was recorded as shown on
Figure 9. One thermocouple was controlling the power. At 4.2 minute
intervals, the power was on 87% of the time.

The temperature at the surface of the copper heat shield averaged 64°C.
This was much higher than the calculated 45°C temperature. Without water
cooling the temperature of the copper went up to 97°C. This showed the

importance of the water cooled heat sink to remove the heat close to the



source. With water cooling, the 80°C critical temperature of the epoxy was not
reached. The temperature of the aluminum surface next to the copper sheet was
7°C, much lower than the shield. The theoretical assumption was not correct,
and one explanation 1is the unpredictable air film causing a thermal barrier
between the two surfaces. This thermal barrier, of course, will help in
lowering the temperature of the laminations. The temperature of the aluminum
plate without water cooling went up to 67°C.

Temperature measurements on the quadrupole magnets will be made during the
final assembly. The temperature on the copper heat sink is expected to be leés
than the one measured on the dipole because better distribution of the water

tubes was possible.

Conclusion

A 300°C vacuum bakeout system was designed and tested. With only 7.5 mm
average space available around the vacuum chamber, a temperature of 64°C was
measured next to the magnet components. This was made possible using a water
cooled copper heat shield covering the heating blanket. Additional thermal
protection is evident from the thin air film between the copper shield and the
magnet components.

The basic bakeout system design is satisfactory for the dipole and

quadrupole magnets.
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Figure 6
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